change. These findings support the notion that the effects of visceral inputs on motion sickness susceptibility are mediated in part through the caudal vestibular nuclei. However, our previous studies showed that infusion of CuSO 4 produced larger changes in response to vestibular stimulation of LTF neurons, as well as parabrachial nucleus neurons that are believed to participate in generating nausea. Thus, integrative effects of GI inputs on the processing of labyrinthine inputs must occur at brain sites that participate in eliciting motion sickness in addition to the caudal vestibular nuclei. It seems likely that the occurrence of motion sickness requires converging inputs to brain areas that generate nausea and vomiting from a variety of regions that process vestibular signals.
Introduction
Motion sickness is a condition elicited by conflicting sensory inputs reflecting body position in space (Money 1970; Oman 1990; Yates 2009 ). Motion sickness does not occur in individuals with bilateral vestibular hypofunction, indicating that vestibular signals are critical for the production of this condition (Wang and Chinn 1956; Cheung et al. 1990 ). The hallmark symptoms of motion sickness include nausea and vomiting, which are also induced by other triggers, including ingested toxins (Borison and Wang 1953) . The intragastric infusion of copper sulfate (CuSO 4 ) has often been employed to trigger nausea and vomiting in animal models. This agent readily produces emesis by activating gastrointestinal (GI) afferents sensitive to irritation of the stomach lining, presumably including chemoreceptors Abstract Neurons located in the caudal aspect of the vestibular nucleus complex have been shown to receive visceral inputs and project to brainstem regions that participate in generating emesis, such as nucleus tractus solitarius and the "vomiting region" in the lateral tegmental field (LTF). Consequently, it has been hypothesized that neurons in the caudal vestibular nuclei participate in triggering motion sickness and that visceral inputs to the vestibular nucleus complex can affect motion sickness susceptibility. To obtain supporting evidence for this hypothesis, we determined the effects of intragastric infusion of copper sulfate (CuSO 4 ) on responses of neurons in the inferior and caudal medial vestibular nuclei to rotations in vertical planes. CuSO 4 readily elicits nausea and emesis by activating gastrointestinal (GI) afferents. Infusion of CuSO 4 produced a >30 % change in spontaneous firing rate of approximately one-third of neurons in the caudal aspect of the vestibular nucleus complex. These changes in firing rate developed over several minutes, presumably in tandem with the emetic response. The gains of responses to vertical vestibular stimulation of a larger fraction (approximately two-thirds) of caudal vestibular nucleus neurons were altered over 30 % by administration of CuSO 4 . The response gains of some units went up, and others went down, and there was no significant relationship with concurrent spontaneous firing rate 1 3 and pain receptors (Wang and Borison 1951a; Brizzee and Marshall 1960; Verbalis et al. 1987; Bountra et al. 1993; Endo et al. 1995b; Gardner et al. 1996; Gonsalves et al. 1996; Lang et al. 1999; Ariumi et al. 2000) . Since CuSO 4 is not absorbed into the bloodstream in the stomach (Zimnicka et al. 2011) , it can be delivered repeatedly during an experiment and subsequently aspirated (Sugiyama et al. 2011; Moy et al. 2012; Suzuki et al. 2012) .
In a series of studies, we examined the effects of intragastric delivery of CuSO 4 on the processing of vestibular signals by brainstem regions that participate in generating nausea and vomiting (Sugiyama et al. 2011; Moy et al. 2012; Suzuki et al. 2012) . Among these areas were the dorsolateral reticular formation of the caudal medulla (Moy et al. 2012) , often referred to as the lateral tegmental field (LTF) (Berman 1968) , which was traditionally classified as the "vomiting center" because stimulation of the area evokes vomiting (Borison and Wang 1949; Koga 1991, 1992) , lesions of the area abolish the capacity for vomiting (Wang and Borison 1951b; Koga et al. 1998) , and the delivery of emetic drugs triggers the expression of the intermediate-early gene c-fos by a large number of LTF neurons (Miller and Ruggiero 1994; Billig et al. 2001; Ito et al. 2003 Ito et al. , 2005 Onishi et al. 2007 ). Another region examined was the parabrachial nucleus (Suzuki et al. 2012) , which relays visceral signals to the hypothalamus and limbic system (Takeuchi et al. 1982; Cechetto et al. 1983; Fulwiler and Saper 1984; Cechetto and Calaresu 1985; Berkley and Scofield 1990) and has been hypothesized to play a critical role in generating nausea and related affective responses following the delivery of emetic stimuli (Balaban et al. 2011) . A subset of both LTF (Moy et al. 2012) and parabrachial nucleus neurons (Suzuki et al. 2012) responded to whole-body rotations that activate labyrinthine receptors. The intragastric infusion of CuSO 4 substantially altered (>30 %) the gains of these responses for approximately 50 % of LTF neurons (Moy et al. 2012 ) and 75 % of parabrachial nucleus neurons (Suzuki et al. 2012) , with some responses being enhanced and others being attenuated. These findings suggested that the delivery of an emetic GI stimulus could affect the processing of labyrinthine inputs by regions of the brainstem that generate the symptoms of motion sickness, thereby altering motion sickness susceptibility.
Another potential site where emetic GI inputs could affect the processing of labyrinthine signals is the caudal aspect of the vestibular nucleus complex (inferior and caudal medial vestibular nuclei). Neurons in this region of the vestibular nuclei project to brainstem areas that participate in vomiting generation, including the LTF (Yates et al. 1995) and nucleus tractus solitarius (NTS) (Balaban and Beryozkin 1994; Yates et al. 1994; Ruggiero et al. 1996; Porter and Balaban 1997; Cai et al. 2007 ). Consequently, the caudal aspect of the vestibular nucleus complex likely plays a role in processing and transmitting vestibular signals to brainstem emetic centers during motion sickness. In addition, there is evidence caudal vestibular nucleus neurons receive visceral inputs, including those from the GI system. The injection of the retrograde transneuronal tracer pseudorabies virus into the caudal aspect of the vestibular nucleus complex resulted in the labeling of a large number of NTS neurons following survival times adequate for the virus to pass across two synapses (Jian et al. 2005 ). In addition, electrical stimulation of vagal afferents altered the firing rate of approximately one-third of the neurons in the caudal vestibular nuclei (Jian et al. 2002) . These observations raise the possibility that emetic GI inputs could influence motion sickness susceptibility by affecting the processing of vestibular signals by neurons that receive direct inputs from the labyrinth.
The goal of the present study was to ascertain the effects of intragastric infusion of CuSO 4 on the spontaneous activity and responses to whole-body rotations of neurons in the inferior and caudal medial vestibular nuclei. We tested the hypothesis that the delivery of CuSO 4 increases both the excitability (spontaneous activity) and the gain of responses to labyrinthine stimulation of neurons in the caudal aspect of the vestibular nucleus complex.
Methods and materials
Experiments were conducted on 12 laboratory-bred (Liberty Research, Waverly, NY) cats of both sexes weighing 2.0-3.4 kg. The University of Pittsburgh's Institutional Animal Care and Use Committee (IACUC) prospectively approved all procedures on animals, which were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, National Academies Press, Washington D.C., 2011). The experimental protocol used in these experiments has been validated and thoroughly described in previous manuscripts (Sugiyama et al. 2011; Moy et al. 2012; Suzuki et al. 2012) , and thus will only be briefly described below.
Surgical procedures
Animals were anesthetized using isoflurane and tracheotomized, and a cannula was secured in the femoral vein for the delivery of drugs. Blood pressure was recorded using a Millar (Houston, TX) transducer introduced through the femoral artery into the abdominal aorta. Both carotid arteries were ligated, and an intragastric catheter was inserted through an esophagostomy to administer CuSO 4 . Animals were secured in a stereotaxic frame such that the head was pitched down 30° to vertically align the anterior and 1 3 posterior semicircular canals. The stereotaxic frame was mounted on a servo-controlled hydraulic tilt table (Neurokinetics, Pittsburgh, PA). A midcollicular decerebration was performed, the caudal aspect of the cerebellum was exposed, and 3-4 mm of the caudal cerebellum on one side was aspirated to expose landmarks on the surface of the brainstem. These landmarks were used to target the caudal aspect of the vestibular nucleus complex for recordings. In this process, the caudal vermis was ablated, although the fastigial nucleus was likely left intact.
Atropine sulfate and dexamethasone were injected every 6 h to reduce airway secretions and brain swelling, respectively. Fluids were infused intravenously to replace loss, and if hypotension occurred, phenylephrine was administered. Body temperature was measured rectally and maintained at 37-38 °C using a DC-powered heating pad and heat lamp.
After all surgical procedures were completed, anesthesia was removed and animals were paralyzed using 0.1 mg/ kg intravenous injections of vecuronium bromide every 20 min. Animals were artificially ventilated such that end tidal CO 2 was maintained near 4 %. At the end of the experiment, animals were euthanized using Euthasol Euthanasia Solution.
Recording procedures Extracellular recordings of unit activity were made from the inferior and medial vestibular nuclei (2-4 mm rostral to the obex) using 4-6 MΩ tungsten microelectrodes (FHC, Bowdoin, ME). Single-unit activity was sampled at 25,000 Hz, and blood pressure and tilt table position were sampled at 100 Hz, using a Cambridge Electronic Design (Cambridge, UK) 1401 data collection system and Spike2 version 6 software. We first determined the responses of units to 0.5 Hz wobble stimuli (Schor et al. 1984) , fixedamplitude tilts, the direction of which moves around the animal at a constant speed. Clockwise (CW) wobble stimuli were generated by driving the pitch axis of the tilt table with a sine wave, while simultaneously driving the roll axis with a cosine wave. During this stimulus, the animal's body (viewed from above) appeared to wobble, taking in succession nose-down, right ear-down, nose-up, and left ear-down positions. When the signal to the pitch axis of the tilt table was inverted, the stimulus direction rotated in the counterclockwise (CCW) direction. Responses to wobble stimuli were used to determine the response vector orientation, or the direction of tilt that produced the maximal modulation of a unit's firing rate (Schor et al. 1984) . The response vector orientation was confirmed by comparing responses to tilts performed in the roll and pitch planes. Subsequently, fixed-plane tilts were delivered near the direction of the response vector orientation at frequencies ranging from 0.05 to 1 Hz to determine the response dynamics of the unit. The stimulus amplitudes were 2.5-5° at frequencies ≥0.2 Hz and 5-10° below 0.2 Hz.
After a unit's responses to vertical vestibular stimulation were recorded, 83 mg of CuSO 4 dissolved in 10 ml of distilled water were injected into the stomach via the intragastric catheter. We recorded the effects of CuSO 4 injection on the unit's spontaneous firing rate for five min, as illustrated in Fig. 1 . Afterward, the vestibular stimulation protocol described above was repeated. At the conclusion of testing, the CuSO 4 solution was aspirated from the stomach, and six washes were performed, each using 10 ml of distilled water. The manipulation of the animal required for the washing process typically caused units to be lost, such that it was impossible to perform pre-and post-wash recordings from the same neuron.
Data analysis procedures
All data were subjected to offline spike sorting using Spike2 software to ensure that counts of action potentials generated by particular units were accurate. Neural activity recorded during whole-body rotations was binned (500 bins/cycle) and averaged over the sinusoidal stimulus period. Sine waves were fitted to responses with the use of a least-squares minimization technique (Schor et al. 1984) . The response sinusoid was characterized by two parameters: phase shift from the stimulus sinusoid (subsequently referred to as phase) and amplitude relative to the stimulus sinusoid (subsequently referred to as gain). The signal-tonoise ratio for responses was also calculated (Schor et al. 1984) . Responses were considered to be significant when the signal-to-noise ratio was >0.5, only the first harmonic was prominent, and the responses were consistent from trial to trial.
Statistical analyses were performed using Prism 6 software (Graph-Pad Software, San Diego, CA). Pooled data are presented as mean ± SE. Statistical significance was assumed if p < 0.05. Two variables were compared using a Mann-Whitney test, whereas multiple variables were compared using a nonparametric one-way ANOVA (KruskalWallis test combined with Dunn's multiple comparisons test). A two-way ANOVA was used to determine the effect of CuSO 4 administration on two factors of a response. χ 2 tests were used to compare the number of neurons affected by a manipulation under two different conditions.
Histological procedures
Near the end of the recording sessions, lesions were made at defined coordinates by passing a 200-μA negative current through the recording electrode for 60 s. After euthanasia, the brainstem was removed and fixed in 10 % formaldehyde solution. The brainstem was cut transversely at 100 μm thickness using a freezing microtome, mounted serially on slides, stained using thionine, and coverslipped. Recording sites were reconstructed on drawings of sections with reference to the locations of electrolytic lesions, the relative positions of electrode tracks, and microelectrode depths.
Results
We characterized the effects of intragastric infusion of CuSO 4 on the spontaneous activity and responses to rotations in vertical planes of 47 vestibular nucleus neurons. A median of three units was successfully tested per animal, and the data from all animals were combined for analyses. Figs. 1 and 2a illustrate the effects of CuSO 4 on the firing rate of two units. Although modest changes in activity of units were often noted within a few sec, pronounced and prolonged alterations in firing rates were not observed until 1-2 min following delivery of CuSO 4 . Such changes in neuronal activity were not correlated with perturbations in blood pressure (see Fig. 2a ). For each unit, the interspike intervals during the 60-s period before and 5-min period following the infusion of CuSO 4 were compared using a Mann-Whitney test. In every case, when the mean firing rate changed >30 % after CuSO 4 was administered, the interspike intervals before and after the delivery of the chemical were significantly different (p < 0.05). Consequently, we assumed that the induction of a 30 % change in a unit's spontaneous firing rate by CuSO 4 indicated that the chemical affected its excitability. The spontaneous firing rates of 15 of the 47 tested vestibular nucleus units (32 %) were altered ≥30 % by intragastric infusion of CuSO 4 , as indicated in Fig. 3a . The activity of seven of these units decreased, whereas the firing rate of eight units increased. Since some units were excited by the chemical, and others were inhibited, the median change in firing rate for the population of vestibular nucleus neurons sampled was ~0. Prior to administration of CuSO 4 , we established that the baseline firing rate of the neuron was stable, and there was no trend of increasing or decreasing firing rate. The coefficient of variation in firing rate for the baseline period was relatively low (median of 0.75, with just 12 % of units having a coefficient of variation >1).
We also examined the effects of CuSO 4 delivery on the responses of neurons in the caudal aspect of the vestibular nucleus complex to whole-body rotations. These responses were similar to those described in previous publications focused on the caudal vestibular nuclei of decerebrate cats (Endo et al. 1995a; Jian et al. 2002) , and thus will not be described in detail in this manuscript. In brief, most (>80 %) of the neurons had response vector orientations closer to the roll plane than to the pitch plane. In addition, the dynamic properties of responses to tilts of over half of the neurons were similar to those of otolith afferents: the response gains increased only modestly as stimulus frequency was advanced, and the response phases were near stimulus position or lagged position slightly (Fernandez and Goldberg 1976; Anderson et al. 1978) . However, some neurons had response dynamics like semicircular canal afferents: the response phases were near stimulus velocity, and the response gains increased sharply as stimulus frequency was advanced (Fernandez and Goldberg 1971; Anderson et al. 1978) . Consequently, the average Bode plots for caudal vestibular nucleus neurons reflected a summation of the response properties of the two types of vestibular afferents, such that the response gain increased modestly at higher stimulus frequencies, while the response phases were midway between stimulus position and stimulus velocity (Fig. 4b) .
In previous studies considering responses to vestibular stimulation of neurons in brainstem areas that generate nausea and vomiting, we ascertained whether units exhibited spatiotemporal convergence (STC) behavior (Baker et al. 1984; Schor et al. 1984; Schor and Angelaki 1992) . This response pattern has been attributed to the convergence of inputs with different spatial and temporal properties (for instance, the convergence of inputs from semicircular canal afferents activated by roll rotations and otolith organ afferents activated by pitch rotations). When wobble stimuli are used, neurons with STC behavior respond to one direction of rotation (CW or CCW), but not the other (Schor and Angelaki 1992) . Just one of the 47 vestibular nucleus neurons exhibited pronounced STC behavior, such that a response vector orientation could not be determined. Thus, as reported in previous studies (Endo et al. 1995a; Jian et al. 2002) , this response pattern does not appear to be common for neurons in the caudal aspect of the vestibular nucleus complex. Following administration of CuSO 4 , the gains of responses to vertical plane rotations was altered >30 % for 30 of the 47 neurons (64 %); the responses increased in magnitude for 12 cells and were attenuated for 18 units. Fig. 2b illustrates responses of a caudal vestibular nucleus neuron to wobble rotations whose gain decreased ~65 % following the infusion of CuSO 4 . Fig. 4a shows responses to roll tilts that were attenuated after CuSO 4 was administered. The effects of CuSO 4 on the responses of all of the neurons to wobble rotations are indicated in Fig. 3b . For this analysis, we averaged the gains of responses to CW and CCW wobble rotations, and then compared the averages for trials before and after CuSO 4 was provided. For the entire population of vestibular nucleus neurons examined, the gain of responses to wobble stimuli decreased by a median value of 18 % following the administration of CuSO 4 . Filled symbols show data for neurons whose spontaneous firing rate changed ≥30 % following the delivery of CuSO 4 . The response gain of responses to wobble stimuli was altered for 12/15 neurons (80 %) whose spontaneous firing rate changed over 30 % following injection of CuSO 4 into the stomach. In contrast, the gains of responses to wobble stimuli were affected for 18/32 (56 %) of the neurons whose firing rates remained relatively stable after CuSO 4 . However, a χ 2 test failed to confirm that infusion of CuSO 4 affected the gains of responses to vestibular stimulation of a higher fraction of neurons whose spontaneous activity was also altered by the chemical (p = 0.11). When a unit's spontaneous firing rate decreased significantly following administration of CuSO 4 , the gain of its responses to vestibular stimulation tended to increase (4/7 cells). In contrast, when a unit's spontaneous firing rate increased significantly after CuSO 4 was provided, the gain of its responses to vestibular stimulation tended to decrease (7/8 cells). Hence, a parallel change in both a unit's excitability (firing rate) and gain of responses to vestibular stimulation, as illustrated in Fig. 2 , was relatively uncommon. The average change in magnitude of responses to vestibular stimuli (average of absolute values of changes in gains of responses to wobble stimuli) was 52 ± 7 % for neurons whose firing rates were altered by CuSO 4 infusion and 70 ± 23 % for neurons whose firing rates remained stable. The changes in response gains for the two populations of units were not significantly different (p = 0.25). In addition, we compared the effects of CuSO 4 infusion on the magnitudes of responses to 0.5 Hz wobble and single-plane stimuli. The averages were 64 ± 15 and 54 ± 17 %, respectively, and were not significantly different (p = 0.73). Although CuSO 4 administration altered the gains of responses of vestibular nucleus neurons to vertical vestibular stimulation, the spatial and temporal properties of the responses were relatively unchanged. Fig. 3c shows that the intragastric delivery of CuSO 4 had little effect on the response vector orientations of vestibular nucleus neurons. The median change in response vector orientation was just 6°, and only three neurons had alterations in response vector orientation >45°. Fig. 4b shows that CuSO 4 administration did not appreciably change the mean response dynamics for the population of vestibular nucleus neurons sampled in this study. A two-way ANOVA (factors were presence of CuSO 4 and stimulus frequency) indicated that administration of the chemical did not contribute significantly to response variation (p = 0.61 for gain; p = 0.85 for phase). Although CuSO 4 altered response gains to single-plane tilts for individual neurons, some gains were enhanced and others diminished, such that the response gains for the population remained relatively constant.
The locations of the neurons whose activity was sampled before and after infusion of CuSO 4 are shown in Fig. 5 . Most of the recordings occurred in the inferior vestibular nucleus. Different colors are used to indicate whether the spontaneous activity increased or decreased (≥30 % change), or remained constant following the administration of CuSO 4 . Different symbols are used to indicate whether the response gain increased or decreased (>30 % change), or remained constant after the intragastric infusion of the chemical. There was no indication that neurons with distinct responses to CuSO 4 were confined to a particular region of the caudal vestibular nuclei.
Discussion
The main finding of this study is that the spontaneous activity and responses to whole-body rotations of a subset of neurons in the caudal aspect of the vestibular nucleus complex are affected by the intragastric infusion of CuSO 4 . This chemical elicits emesis by irritating the stomach lining, thereby activating a subset of GI receptors sensitive to such irritation (Wang and Borison 1951a; Brizzee and Marshall 1960; Verbalis et al. 1987; Bountra et al. 1993; Endo et al. 1995b; Gardner et al. 1996; Gonsalves et al. 1996; Lang et al. 1999; Ariumi et al. 2000) . Thus, these results show that inputs from the GI system can affect the processing of labyrinthine signals by the portion of the vestibular nuclei that makes connections with regions of the caudal medulla that participate in autonomic regulation and presumably is responsible for triggering motion sickness (Balaban and Beryozkin 1994; Yates et al. 1994 Yates et al. , 1995 Ruggiero et al. 1996; Porter and Balaban 1997; Cai et al. 2007 ).
The spontaneous firing rate of approximately one-third of neurons in the caudal portion of the vestibular nuclei was altered by the intragastric infusion of CuSO 4 . The activity of approximately the same percentage of neurons was affected by electrical stimulation of vagal afferents (Jian et al. 2002) . Although it was impossible to determine precise onset latencies for the changes in excitability, the firing rates following CuSO 4 delivery did not plateau at new levels until 1-2 min following the injection of the chemical (see Figs. 1, 2) . In contrast, changes in the firing rate of Unit locations are plotted on standard transverse sections through the caudal medulla, which were generated through reference to Berman's atlas (Berman 1968 NTS neurons, which receive vagal afferent inputs, occurred within a few sec after CuSO 4 was administered (Sugiyama et al. 2011) . The long latency of the effects of CuSO 4 on the firing rate of vestibular nucleus neurons was similar to that for LTF (Moy et al. 2012 ) and parabrachial nucleus neurons (Suzuki et al. 2012) . Since these areas are, respectively, involved in the generation of emesis (Borison and Wang 1949; Wang and Borison 1951b; Koga 1991, 1992; Koga et al. 1998 ) and nausea (Balaban et al. 2011) , it was concluded that changes in firing rate of LTF and parabrachial nucleus neurons following CuSO 4 infusion were related to the production of the emetic response (Moy et al. 2012; Suzuki et al. 2012) . Thus, although neurons in the caudal vestibular nuclei receive disynaptic inputs from NTS (Jian et al. 2005) , these connections may not be responsible for the changes in activity noted after CuSO 4 . Instead, the changes in excitability may occur as the emetic response is triggered within the brainstem.
The gains of responses of approximately two-thirds of the neurons in the caudal aspect of the vestibular nucleus complex were altered over 30 % following the delivery of CuSO 4 . The median absolute change in response gain was approximately 40 % and was similar for neurons whose spontaneous firing rates were not influenced by CuSO 4 injection. Neurons whose firing rate remained stable after CuSO 4 was injected either presumably did not receive inputs from brainstem areas powerfully activated by the chemical or received a combination of excitatory and inhibitory signals from these areas that were negating. Moreover, the changes in firing rate of a unit and its responses to vestibular stimulation usually did not occur in parallel (e.g., units with an increase in firing rate following CuSO 4 typically had diminished responses to vestibular stimulation). As discussed above, since the caudal aspect of the vestibular nucleus complex receives relatively direct inputs from brainstem regions such as NTS that process visceral inputs (Jian et al. 2005) , we hypothesized that these connections mediate the effects of CuSO 4 administration on the activity of vestibular nucleus neurons. In other words, we presumed that CuSO 4 would affect motion sickness sensitivity by altering the excitability of vestibular nucleus neurons that receive direct inputs from the labyrinth. However, this hypothesis is not consistent with our observations that changes in the gain of responses to vestibular stimulation typically either occurred without a change in a unit's spontaneous firing rate or were opposite to the change in excitability indicated by the alteration in firing rate (i.e., the response gain increased despite a decrease in the unit's firing rate). These observations raise the alternate possibility that GI signals affect the processing of vestibular signals by neurons located outside the vestibular nuclei, but which make connections with vestibular nucleus neurons and affect their responses to whole-body rotations.
One potential site of influences of GI inputs on the processing of labyrinthine inputs is the cerebellum. Several physiological studies have shown that Purkinje cells in the posterior cerebellar vermis respond to noxious visceral stimuli (Saab and Willis 2001) or electrical stimulation of vagal afferents (Okahara and Nisimaru 1991; Tong et al. 1993) . In addition, the posterior cerebellar vermis receives direct inputs from brainstem regions that process visceral inputs, including NTS (Somana and Walberg 1979) , area postrema (Shapiro and Miselis 1985) , and the dorsal motor nucleus of the vagus (Zheng et al. 1982) . The regions of the cerebellar vermis that process visceral afferent signals also receive labyrinthine inputs (Precht et al. 1977) , and project to the caudal aspect of the vestibular nucleus complex (Angaut and Brodal 1967; Precht et al. 1976; Walberg and Dietrichs 1988) . Furthermore, the posterior cerebellar vermis projects to the fastigial nucleus (Ruggiero et al. 1977) , which likewise receives afferents from the vestibular nuclei (Ruggiero et al. 1977) and brainstem areas that process GI inputs, including the dorsal motor nucleus of the vagus (Zheng et al. 1982 ) and the area postrema (Shapiro and Miselis 1985) . Like the posterior vermis, the fastigial nucleus modulates the responses to whole-body rotations of neurons in the caudal aspect of the vestibular nucleus complex (Carleton and Carpenter 1983; Andrezik et al. 1984) .
These previous findings support the notion that an extensive cerebellar circuitry integrates GI and labyrinthine inputs, and affects the activity of neurons in the caudal aspect of the vestibular nucleus complex. Although electrical polarization of the labyrinths can still evoke symptoms of motion sickness in decerebrate cats following ablation of the caudalmost cerebellar vermis (Miller and Wilson 1983) , it is unknown whether motion sickness can occur following a complete cerebellectomy. In fact, a number of lines of evidence suggest that the cerebellum participates in the generation of motion sickness (Wang and Chinn 1956; Cohen et al. 2003) . Consequently, the alterations in the gain of responses of vestibular nucleus neurons following infusion of CuSO 4 could have been a consequence of cerebellar modulation of their activity. Further research will be needed to ascertain the role of the cerebellum in modifying signal transduction in the vestibular nuclei following emetic stimuli.
Since the caudal aspect of the vestibular nucleus complex projects to regions of the brainstem that are believed to be paramount in generating nausea and vomiting (Balaban and Beryozkin 1994; Yates et al. 1994 Yates et al. , 1995 Balaban 1996; Ruggiero et al. 1996; Porter and Balaban 1997; Cai et al. 2007) , it is tempting to speculate that the effects of GI inputs on motion sickness susceptibility (Wang et al. 1958) are a reflection of integration of visceral and labyrinthine inputs by vestibular nucleus neurons. However, the magnitude of the effects of CuSO 4 administration on the gain of responses of vestibular nucleus neurons to whole-body rotations was less than that for LTF (Moy et al. 2012) or parabrachial nucleus neurons (Suzuki et al. 2012) . The average absolute value of response gains following the infusion of CuSO 4 was 64 ± 15 % for vestibular nucleus neurons, as opposed to 106 ± 43 % for LTF neurons (Moy et al. 2012) , and 119 ± 28 % for parabrachial nucleus neurons (Suzuki et al. 2012) . In addition, the responses of parabrachial nucleus and LTF neurons to whole-body rotations was much more complex than those observed for vestibular nucleus neurons. For example, many LTF and parabrachial nucleus neurons exhibited pronounced STC behavior, such that the neurons responded to one direction of wobble stimulation, but not the other (Moy et al. 2012; Suzuki et al. 2012 ). Thus, it seems likely that the integrative responses of LTF and parabrachial nucleus neurons to GI and vestibular inputs reflect the convergence of inputs from a variety of sources, one of which is the vestibular nuclei.
In conclusion, the present results show that an emetic GI stimulus affects the processing of labyrinthine signals by neurons in the caudal aspect of the vestibular nucleus complex. These findings are consistent with the premise that this region participates in generating motion sickness and contributes to eliciting vomiting. However, a number of questions remain. The responses of some vestibular nucleus neurons to whole-body rotations were enhanced by the delivery of CuSO 4 , whereas others were diminished. Additional studies will be needed to determine whether neurons whose responses to vestibular stimulation were affected differently by CuSO 4 have distinct projections or physiological roles. Further research is also needed to determine whether direct projections from the caudal vestibular nuclei to areas of the brainstem that coordinate emesis, such as the LTF, play a predominant role in triggering motion sickness, or if this condition is principally elicited through projections to LTF neurons from regions such as the caudal cerebellar vermis and fastigial nucleus. It is also feasible that the occurrence of motion sickness requires converging inputs to brain areas that generate nausea and vomiting from a variety of regions that process vestibular signals. Studies in conscious animals will be needed to address these important questions.
